The growth effects of mixtures are generally assumed to be a result of canopy structure and crown plasticity. Thus, the distribution of leaf area at tree and stand level helps to explain these mixing effects. Therefore, we investigated the leaf area distribution in 12 stands with a continuum of proportions of European larch (Larix decidua Mill.) and Norway spruce (Picea abies (L.) Karst.). The stands were between 40 and 170 years old and located in the northern part of the Eastern Intermediate Alps in Austria at elevations between 900 and 1300 m a. s. l. A total of 200 sample trees were felled and the leaf area distribution within their crowns was evaluated. Fitting beta distributions to the individual empirical leaf area distributions, the parameters of the beta distributions were shown to depend on the leaf area of the individual trees and, for spruce, on the proportion of spruce in the stands. With the equations determined, the leaf area distribution of all trees in the stand, and thus its distribution in the stands, was calculated by species and in 2 m height classes. For the individual trees, we found that the leaf area distribution of larch is more symmetric, and its peak is located higher in the crown than it is the case for spruce. Furthermore, the leaf area distribution of both species becomes more peaked and skewed when the leaf area of the trees increases. The mixture only influences the leaf area distribution of spruce in such a way that the higher the spruce proportion of the stand, the higher the leaf area is located within the crown. At the stand level, a strong relationship was found between the proportion of spruce and the distance between the peaks of the leaf area distributions of larch and spruce.
Introduction
There is widespread and general agreement that the growth effect of mixtures is a result of canopy structure and crown plasticity of the species involved [1] [2] [3] [4] . Crown length, diameter, crosssectional area, crown surface area and crown volume lend themselves to the description of canopy packing as a measure of canopy structure and individual tree crown plasticity, i.e., the ability of species to change their crown shape in a way that the species may place their crowns in different niches of the canopy [5] [6] [7] [8] .
Because of the eminent role of leaf area in the absorption of light and thus in photosynthesis, mechanistic individual tree growth models use leaf area rather than other crown parameters (e.g., [9, 10] ). However, leaf area is frequently modelled as an allometric function of the diameter at breast height (dbh) and the stand age (e.g., [11] ) or derived from conventional crown measures as crown length (e.g., [12, 13] ) or crown surface area [14, 15] . Leaf area density, i.e., leaf area per crown volume or crown surface area was found to vary considerably [16] and conventional crown measures such as crown length, crown width etc., were shown to insufficiently describe leaf area distribution [17] . Thus, they may only be first approximations for describing the plasticity of leaf area as it may depend on and constitute the canopy structure, which is required in order to understand the mixing effects [18] . This is why the distribution of leaf area within the crowns and within the stands may give better insights into the effects of crown plasticity on mixing effects of growth than only conventional crown characteristics.
There is a considerable amount of mixed stands of European larch (Larix decidua Mill.) and Norway spruce (Picea abies (L.) Karst.) in Central Europe. This mixture of the deciduous conifer and extremely shade-intolerant larch and the much more shade-tolerant spruce has rarely been investigated. The few investigations that have been carried out [3, 19] seem to indicate that stand structure plays an important role in the mixing effects on growth.
Therefore, we wanted to:  investigate the leaf area distribution within the crowns of individual trees of both the involved species,  study its plasticity with respect to the interspecific environment, and  compare the vertical leaf area distribution of stands with different species proportions.
Materials and Methods

Location and Study Design
The investigation was conducted in the Alpine biogeographic region in the northern part of the Eastern Intermediate Alps in Austria at approximately 47°26' east and 15°05' north. The mean annual temperature and mean annual precipitation are 5.2 °C and 1510 mm, respectively. The prevailing silvicultural management is strip clear cutting [20] [21] [22] , where after felling, the forest is regenerated naturally in three strips. In the inner strip, Norway spruce dominates, while in the outer strip the light-demanding European larch prevails. In the transitional zone, mixed stands of these two species develop ( Figure 1 ). The total strip width is approximately two to three times the height of the dominant trees. At four locations, we established three plots: one of each forest type (inner, outer, and transitional strip). All plots were on steep Northwest-oriented slopes at altitudes between 900 and 1300 m a. s. l. The plot size was between 150 and 1600 m² and was chosen in such a way that each plot contained at least 100 trees of the dominant species. The selected stands can be regarded as nearly even-aged. The mean coefficient of variation of the tree age within the plots, estimated from the sample trees, was about ±5% for spruce and ±10% for larch. The age of the stands varied between 40 and 170 years, the dominant height ranged between 20 and 40 m, the basal area between 30 and 50 m² ha −1 , and the stocking degree between 0.7 and 1.0. For the plot characteristics, see Table 1 , for further details please refer to Dirnberger et al. [15] and Sterba et al. [23] . Table 1 . Plot characteristics; hdom is the dominant height sensu Assmann [24] , MAI is the mean annual increment at age 100 estimated from Marschall [25] , dg is the quadratic mean diameter, Stocking is the relative stocking calculated from the relative stand density indices with maxima taken from Vospernik and Sterba [26] , Prop. Spruce is the proportion of spruce based on the relative stand density index (SDI), using the maximum density lines as evaluated by Vospernik and Sterba [26] for the 95 th percentile. 
Plot Characteristics
Data assessment in the Field
The data that were assessed for all of the trees in the plots were the diameter at breast height (measured by diameter tape at 1.3 m above the forest floor on the uphill side of the tree), the tree height and the height to the crown base (measured by Vertex IV ultrasonic hypsometer [27] ), and the tree positions (x-and y-coordinates) within the plot and plumbings to six to eight points of the crown borders (assessed by laser measuring equipment, FieldMap [28] ). For the individual tree characteristics, see Table 2 .
Sample Trees
In the mixed plots, 15 larch trees and 10 spruce trees and, in the monospecific plots, the same numbers of sample trees of the respective species were selected. Owing to the fact that in three stands only eight8 spruces could be felled, the total sample size yielded 194 trees. While the sample trees were still standing, a total of 24 sample branches per sample tree, eight in each third of the crown length, were lowered on a rope for further processing. Before bringing them down, their diameter at a distance of 2 cm from their insertion at the bole was recorded and its position marked. Then, the trees were felled, and the diameters and the distances from the crown base to the nearest meter of all living branches were recorded. These branches were used to determine their one-sided projected leaf area. For further details, please refer to Dirnberger et al. [15] . For the characteristics of the sample trees, see Table 2 . Table 2 . Individual tree characteristics; dbh is the diameter at breast height, height is the total tree height, hcb is the height of the crown base above the ground, cl is the crown length, cw is the width of the horizontal crown projection, LA is the leaf area, sd is the standard deviation.
Tree Characteristics
All Trees Sample Trees Spruce (n = 2549) Larch (n = 1422) Spruce (n = 74) Larch (n = 120) 
Leaf Area and Competition
For each individual single tree, the 24 sample branches were used to estimate the coefficients and of an equation ⋅ with , the leaf area of the branch and the branch diameter. This equation was then used to estimate the leaf area of all branches of the respective sample tree. These leaf areas had been used by Dirnberger et al. [15] to develop an equation for estimating the whole leaf area of each tree in the stand, as it depended on the crown surface area, the diameter at breast height (dbh) and the stand's stocking degree for spruce, and on crown surface area, the dbh and the proportion of spruce for larch. With these equations, the total leaf area of all trees in the stands was calculated. For quantifying the fraction of the stand area that was potentially available (APA) for a tree, we used the rasterizing approach [29] , based on the circlebow model by Römisch [30] . Thus, the whole plot was rasterized (pixel size = 10cm × 10cm) and the squared distance of every pixel to all trees, weighted by their leaf area was calculated (Equation (1)).
,
(
with the distance from the -th pixel to the -th tree, and , the leaf area of the -th tree. The pixel was then assigned to the tree , where is minimal. Thus, a weighted Voronoi diagram of the stand was constructed, resulting in the areas potentially available ( ) of the trees (Figure 2 ). The leaf area per potentially available area yields the area exploitation index (AEI) according to Gspaltl et al. [29] (Equation (2)).
AEI can be understood as an individual tree density measure characterizing the small-scale competition.
The total boundary of the of a single tree can be separated into (i) the boundary to spruce neighbours and (ii) the boundary to other species. The proportion of to can then be understood as the contribution of spruce to the overall competition on the respective tree ( Figure 2 , Equation (3)).
.
(3) For our stands, containing exactly two species, the contribution of larch to the overall competition of a tree can also be expressed in terms of ( 1 ), so that we decided only to use the latter one for further analysis.
Leaf Area Distribution
For every sample tree, we fitted a beta distribution to the data of the relative cumulative leaf area as a function of the relative distance from the top of the tree. Relative means, that the distance is divided by the crown length and thus is 0 at the top of the tree and 1 at the crown base. The corresponding probability density function is given in Equation (4),
is the the gamma function. Following the discussion of Fielitz and Myers [31, 32] and Romesburg [33] we decided to estimate the coefficients and of the beta distribution by the leaf area weighted relative mean distance of the branch from the top , and the corresponding variance , using Equations (5) and (6) for every tree, rather than using a maximum likelihood approach. Given that the measured distances and leaf areas are no sample, but all branches of a sample tree were observed, deviations between estimates and true parameters may originate from the fact that the beta distribution itself is only an approximation of the discrete empirical leaf area distribution in the crown, rather than from the method of estimation.
For further characterizing the distribution, the mode, the standard deviation, the skewness and the kurtosis excess were calculated from the parameters and .
The mode is defined as a value of were the probability density function (Equation (4)) has its maximum. For our data that means the mode is the relative distance from the top of the tree to the height with the highest density within the crown.
The standard deviation results as:
The skewness is a measure of the asymmetry of the probability distribution function (pdf), a negative skewness indicates that the tail is on the left side of the pdf, while a positive skewness indicates that the tail is on the right. For our data that means a negative skewness indicates that the leaf area is predominantly located in the lower part of the crown, while a positive skewness indicates that the leaf area is predominantly located in the upper part of the crown.
The kurtosis excess is defined as kurtosis minus 3, so that an kurtosis excess of zero represents a mesokurtic distribution, while positive and negative kurtosis excess values stand for leptokurtic and platykurtic distributions respectively.
Then, an investigation into the dependency of the parameters and on the sample trees' traits and their environment was conducted. Therefore, mixed models with individual tree measures and stand measures as fixed effects, and the plot as random effect, were evaluated using the R [34] packages, lme4 [35] and lmerTest [36] the initial model is given by Equation (11).
is the value of the response variable (one of the two parameters and ) for the -th tree at sample plot , , … , are the fixed-effect coefficients, is the random effect coefficient for sample plot , and is the error for tree at sample plot . The fixed-effect regressors are , … , for the tree measures, and • , … , • for the stand characteristics, is the randomeffect regressor. The tree measures were the dbh, the tree height, crown length, crown width, leaf area, local density and the proportion of spruce in the competition. The local density was described by the AEI (Equation (2)) and the proportion of spruce in the competition (calculated as described by Equation (3) and Figure 2 ). The stand characteristics were age, quadratic mean diameter, dominant height, stocking and the proportion of spruce. The latter were based on the relative stand density index (SDI), using the maximum density lines as evaluated by Vospernik and Sterba [26] for the 95th percentile. Starting with the full initial model as defined in Equation (11), we used a backward variable selection to reduce model complexity and avoid overfitting.
For each tree in the stand, we then calculated its total leaf area using the equations of Dirnberger et al. [15] . The equations finally determined for the relative leaf area distribution were then used for calculating the leaf area of each tree in two-meter sections, starting at the ground. Thus, we achieved the distribution of leaf area by species in two-meter sections for each plot. The difference between the modes of the stand's leaf area distribution of larch and that of spruce was then investigated for its relationship with other stands' characteristics, including spatial distribution characteristics, i.e. species intermingling and horizontal distribution. Species intermingling was described by Pielou's segregation index [37] , based on the nearest neighbor principal. The index is bound between −1 and 1, positive values indicate that the species are segregated, while negative ones indicate association of the different species. An index value of zero means that the probability for a neighboring species is stochastically independent of the species of the subject tree.
The horizontal distribution was characterized by the Clark-Evans index [38] , indicating a clustered distribution with values <1 and more regular distributions with values >1. Thus, a CEspruce < 1 would indicate a stronger horizontal separation of the species and vice versa.
For a detailed description of the indices, see Del Rio et al. [39] .
Results
Structural Stand Characteristics
Pielou's segregation index varies between −0.160 and 0.24 ( Table 3) , indicating that the spatial species distribution varies between slightly associated and segregated. Clark-Evans index varies between 0.65 and 1.39, indicating that the spatial distribution of both species varies between aggregated (<1) and segregated (>1) ( Table 3 ). There were no significant correlations between the structural characteristics and the stocking. Only Pielou's segregation index slightly, but significantly increased with age, indicating that the species became more horizontally segregated when the stands grow older. No other indices correlate with the stand age. Interestingly, the Clark-Evans indices of spruce and larch are not correlated (R² = 0.0018).
Furthermore, the stocking (from the relative stand density indices of the species) and the species' proportions by area may characterize the structure of the stand. The stand age effectively characterizes the stand's developmental stage. 
Leaf Area Distribution within Individual Trees
For the statistics of the estimated coefficients of the individually fitted beta distributions and see Table 4 . The differences between the mean parameters were almost ( ) and highly ( ) statistically significant. Table 4 . Parameter estimates (±standard deviation) for and of the beta distribution by species. n is the number of sample trees.  is the difference between the species. t, the t-statistic for the test of the difference against zero, and p, the respective type-one error probability. • and *** indicate the significance for type-one error probabilities of 10% and 0.1%, respectively The leaf area distributions that result from these means show that, generally, the distribution in larch was rather symmetric, while in spruce it is it was rather left skewed, meaning that the leaf area of spruce is located deeper in the crown. The peak of the leaf area distribution of spruce was located at a relative distance from the top of 0.70  0.18 (standard deviation), which is deeper in the crown than for larch with 0.53  0.21 (Figure 3) . It was to be expected that the distribution even within the species may vary depending on other tree or stand characteristics. As a result from the backward variable selection of the initial model (Equation (11)), we found that the parameter depends only on the leaf area of the individual tree in both species. The parameter for larch depends only on the leaf area as well, while for spruce it depends only on the proportion of spruce. Parameter estimates and statistics are given in Table 5 . The resulting leaf area distributions for larch and spruce can be seen in Figures 4 and 5 , respectively.
Interestingly, the spruce proportion by area at the stand level significantly influences the parameter , while the spruce proportion in the competition ( ) of the immediate neighbors does not.
In larch, the leaf area distribution of trees with small leaf areas was less peaked than in trees with large leaf areas (Figure 4) , which was effectively reflected by a positive relationship between the kurtosis excess of the distribution with the leaf area. This seems to contradict Williams et al. [18] , who found that "western larch allocates foliage into a more diffuse distribution as the crown lengthens". In order to determine if our relationship is an artefact from the fitting of the beta distributions, we also investigated the relationship as it is calculated from the original tree data without fitting a beta distribution, and the leaf area and the crown length, respectively ( Figure 5 ). The results show that the positive relationships between kurtosis excess and leaf area and kurtosis excess and crown length held in both cases, with the kurtosis excess when calculated from the original data, as well as with the kurtosis excess when calculated from the parameters of the fitted beta distribution. Additionally, the relationship of kurtosis excess with leaf area was stronger than kurtosis excess with crown length.
For spruce, the leaf area distribution depends not only on the individual tree leaf area but also on the spruce proportion of the stand (Table 5, Figure 6 ). In stands with a high spruce proportion, the distribution is almost symmetric, while, with decreasing spruce proportion, its skewness increases and the leaf area is located deeper in the crown. Again, similar to larch, the distribution becomes narrower as the leaf area of the tree increases. This visual impression is confirmed by the relationships between the statistics calculated from the beta distribution and the leaf area and the spruce proportion (Figure 7) . 
Leaf Area Distribution on the Stand Level
An exemplary leaf area distribution at the stand level is depicted in Figure 8 . Calculating the modes of the respective distributions by species, the difference of the modes (Δ Mode) can be understood as a measure for the complementarity in tree crowns of the species [18] . The larger this difference, the higher the complementarity of the leaf area, thus using different niches for the species (Figure 8 , Table 6 ) Generally, the mode of the leaf area distribution of spruce lies below the mode of larch; however, the difference still exhibits a large variation. The difference between the modes of the vertical leaf area distribution varies between 2.5 and 16.5 m, meaning that there are stands with strong leaf area competition (i.e., with poor complementarity), where the leaf areas of the species are not vertically separated (Table 6) , and conversely stands with low leaf area competition (i.e., high complementarity), where the leaf areas are strongly vertically separated. Only the species proportion, the Clark-Evans index of spruce and the difference between the leaf area modes of the species are considerably correlated (Figure 9 ). It is evident that the smaller the spruce proportion in the stand the greater is the difference in the modes of the leaf area distributions of the stand. 
Discussion
Leaf Area Distribution in Individual Trees
We found the peak of the leaf area distribution of spruce being located deeper in the crown than for larch. This agrees with Guisasola et al. [4] , who found, in Chinese subtropical forests, that the relative depth into the crown of the peak of the leaf area depends on the shade tolerance of the species, in such a way that it was highest in the least shade-tolerant species while it was lowest in the mostshade tolerant species. Our mean values for the peaks are in good agreement with the ranking suggested by Guisasola et al. [4] ; between 0.5 for the shade-intolerant Liquidambar formosana and 0.7 for the most shade-tolerant, Canopsis eyrei.
The change in the parameters and for larch resulted mainly in a change of the kurtosis excess of the leaf area distribution in such a way that the distribution is more uniform and less peaked when the tree's leaf area is small, and more peaked with increasing leaf area. This also held for the kurtosis excess when calculated from the original data before fitting the beta distribution; therefore, it cannot be an effect that originates from choosing the beta distribution for fitting. This result is different from Williams et al. [18] , who found that with increasing crown length the leaf area distribution became more "diffuse". When comparing the data used by Williams et al. [18] , the minimum dbh, tree height and crown length and crown foliar mass were about the same; however, the means indicated that our sample included much larger trees with a mean dbh of 36 cm compared with the value of 25 cm reported by Williams et al. [18] , a mean tree height of 29 m compared with 20 m and a mean foliar mass of 10 kg compared with about 5 kg. Since the age was not given by Williams et al. [18] , we can only guess that our sample included older stands or was grown on betterthan-average sites. This is supported by Williams et al. [18] , who comment that for their largest trees they found the opposite effect, i.e., for large trees the leaf area distribution became more diffuse with decreasing crown length.
The mixture only influences the leaf area distribution in spruce. Interestingly, it is not the mixing within the immediate neighborhood of the respective tree ( ) but rather the mixture at the stand's scale, i.e., the proportion of spruce by area in the plot. The higher the spruce proportion in the stand, the more symmetric, with a peak higher up in the crown, the leaf area distribution of individual spruce trees is. A possible explanation is that more spruce in the stand results in a higher intraspecific competition between the spruce trees. Under high intraspecific competition, light is a limiting factor, therefore the leaf area of the trees shifts upwards if the competition is high. Considering the  Mode decreases with increasing spruce proportion, this agrees with Weiskittel et al. [40] who found that for shade-tolerant evergreens, the leaf area shifted upwards in the crown into a more mono-layered distribution. Williams et al. [18] attribute this effect to a balancing act between minimizing water loss while maximizing light capture. Even for the shade-intolerant larch, Fellner et al. [41] found a reflection of both these effects in the specific leaf area, depending on both the canopy depth and the branch height. Mechanical abrasion of branches and leaves has been found to change crown form [42] and thus may also alter the leaf area distribution of individual trees. Hajek et al. [43] even argue that the main canopy interaction in temperate mixed forests is mechanical abrasion and not competition for light. If this holds for larch-spruce mixtures, the effect of the spruce proportion on the leaf area distribution would mean a higher proportion of larch would cause the peak of the leaf area of spruce to move downwards in the crown. This could be attributed to the whip-form twigs of larch. Since we, however, did not find a significant influence of the stand density on the parameters and of the beta distribution, an influence of crown abrasion on the leaf area distribution seems doubtful. Our data however, do not support an important role of this effect because none of the parameters p and has been found to depend significantly on stand density.
Vertical Leaf Area Distribution at the Stand Scale
At the stand scale we described the complementarity of leaf area as possible causes for mixing effects vertically by the difference between the peaks of the leaf area distributions of the two species (Δ Mode) and horizontally by the Clark-Evans index, indicating the spatial aggregation of the species.
Large differences between the peaks of the leaf area distribution and horizontally aggregated distribution of the species would indicate that the species use different niches for their leaf area and thus, by mitigating interspecific competition let expect positive mixing effects on growth [8] . Probably the relationship of the Δ Mode as well as the proportion of spruce is steered by the development of the stands. However, it was not the intention to describe and discuss the silvicultural development of the strip clear cut system but rather to investigate if there are mixing effects on the leaf area distributions of spruce and larch at the individual tree and at the stand level. The design of the study was therefore to have mixed and pure stands at all ages. Therefore, it is surprising, that there is no correlation between the proportion of spruce and the age. The main question however, if there is a mixing effect on the leaf area distribution at the stand level, is positively answered by the high correlation between the proportion of spruce and the differences of the peaks of the leaf area distributions of larch and spruce. The same is true for the lower, but also significant correlation between the Clark-Evans index and the Δ Mode. The species obviously react with their leaf area distributions in a way that they use different niches in space.
Conclusions
At the individual tree scale, we conclude that the leaf area distribution of larch is more symmetric and its peak is higher up in the crown than in spruce, which can be attributed to the difference in shade tolerance of these two species. With increasing leaf area of the trees, the leaf area distribution of both species becomes more peaked and skewed. The mixture influences the leaf area distribution of spruce in such a way that the higher the spruce proportion of the stand, the higher up in the crown its leaf area is located, i.e., the more mono-layered it is. This effect may be attributed to a balancing act between minimizing water loss while maximizing light capture [18] .
At the stand scale, there is a clear mixing effect on the leaf area distribution. Structural characteristics, such as vertical distance between peaks of the leaf area distributions of the species and the increasing horizontal aggregation of spruce are clearly correlated with the proportion of spruce. The nearer the stand approaches a pure spruce stand, and the more uniform the horizontal distribution of spruce is, the less separated the leaf areas of the species are. Conversely with increasing the mixture, the complementarity of the leaf area distribution increases too. Niche partitioning and interspecific competition for light seem not to be the most important drivers for mixing effects in these mixtures, and further research is needed to identify these crucial drivers.
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